Abstract A field experiment is described for continuous recording of bed load transport rates in a coarse-grained alluvial channel, using instruments typically available to seismologists. The experiment was carried out in 1990 in the Italian Alps, in a small basin equipped since 1982 with instruments conventionally used in hydrological surveys and bed load transport measurements. In July 1990, six seismometers were placed along the alluvial channel for up to about 150 m upstream of the flow gauging station. Continuous microseismic recordings of seven flood flows were analysed, five being associated with coarse sediment delivery. The mechanism of bed load transport was inferred from two or three microseismic impulse peaks occurring before and after the discharge peak shown in the hydrograph. Those microseismic peaks are thought to reflect the pulsed nature of bed load transport while the periods elapsing between them are interpreted as indicating the duration of the transport process and appeared independent of peak discharges.
INTRODUCTION
It has been assumed that the passage of a flood wave with concomitant bed load transport generates vibrations in the ground at the channel boundaries. If this Open for discussion until 1 October 1993 is so, the signals produced by the elastic waves could be used as an indicator of bed load transport.
This assumption was tested using a seismic network installed in a coarsegrained alluvial channel already equipped with a flow gauging station and a sediment trap. Since the seismic activity generated by water discharge or bed load transport was unknown, the seismic signals were recorded continuously on magnetic tape using an analogue recorder. The phenomena being investigated were then identified by comparing the seismic records with data collected simultaneously at the gauging station and sediment trap.
Some information on seismic devices used for sediment transport monitoring has been published but only for debris flows in Japan (Suwa & Okuda, 1985) . Acoustic devices have been tested in Switzerland to estimate bed load transport in a mountain torrent by recording the sound generated by gravel collisions (Banziger &Burch, 1990 ). The present paper reports the testing and use of seismic detectors for making bed load measurements in a small alpine basin.
EXPERIMENTAL AREA
Field experiments using seismic detectors were performed in the main stream of a small basin (1.1 km 2 ) in northwestern Italy (the Gallina valley), instrumented and surveyed since 1982 for recording rainfall, runoff and sediment yield processes. The catchment area is composed of ihyolitic rocks; trees and shrubs form a dense cover with some bare areas along the crests. Human influence is practically absent.
The channel reach considered is 150 m long, cutting into the bedrock, with a gravel bed 3-6 m wide, 0-1 m thick, and with a mean slope of 1.3% (range 0.6-3.7% depending on outcrops of the bedrock). The bed sediment is mainly derived from fractured rocks along the banks; the gravels have angular rather than rounded shapes, due to natural breakage of the bedrock, with abrasional processes being negligible.
The volume of sediment transported was measured in a sediment trap of capacity 43 m 3 at a hydrographie station situated at the outlet of the basin. The sediment transported proved to be bed load with sediment having a modal diameter in the size class between 16 and 32 mm. Tracers selected from the sediment fraction between 32 and 64 mm (size class at D^) showed a discharge threshold of motion in the range of 0.32-0.34 m 3 s" 1 (Anselmo & Maraga, 1985) . That flow range also appears to correspond to sediment delivery in the sediment trap.
Characteristics of the experimental basin are given in Table 1 .
METHODOLOGY
The seismic network included five seismometers placed along the banks of the channel and one buried to a depth of about 0.3 m in the bottom sediment immediately upstream of the concrete weir of the sediment trap (Fig. 1) . The seismometers on the banks were placed at approximately 0, 25, 40, 70 and 140 m upstream of the concrete weir and were installed in contact with the rock in small concrete containers 1.5 to 3 m above the channel bottom, according to local morphology (Fig. 2) . The sensors were high sensitivity seismic detectors (velocimeter) with a natural frequency of 1 Hz. Via electromagnetic transducers, they generated a voltage proportional to the ground oscillation velocity with a sensitivity of 240 V m" 1 s"
1
. The voltage generated was amplified, modulated and stored on magnetic tape using a continuous operation analogue recorder with 12 V power supply.
Individual sensors were connected to the recorder by shielded cables enclosed in rubber sheaths. It was possible to record continuously up to eleven different signals on a single tape for a period of 168 h. The recorder was placed in an aluminium box close to the flow gauging station, which also housed equipment for signal amplification and modulation and batteries with an operating life of more than three months.
Fig. 2 Upstream view of field location of seismometers S (arrow) and SI (observer).

DATA ANALYSIS AND INTERPRETATION
The seismic network was in operation from July to November 1990 during which time eight floods occurred at peak flows of from 0.12 to 0.86 m 3 s" 1 . Seven floods were recorded witii a good signal-to-noise ratio at peak flows >0.14 m 3 s" 1 while five also caused sediment transport at peak flows ^O^m's* 1 (Fig. 3 ). The recordings of microseismic activity from the sensor embedded at die concrete weir proved satisfactory in that, during the data processing, signals induced by water discharges with and without sediment transport could be distinguished from noise. However, recordings obtained from the channel bank detectors (S1-S5, Fig. 1 ) gave signal-to-noise ratios too low for data processing. Using a personal computer, the demodulated signals were converted to digital form at a sampling interval of 0.005 s and the signals could be displayed on screen and saved.
The data were analysed (a) to determine the average velocity of ground oscillations, minute by minute; and (b) to count the number of impulses per minute exceeding predetermined threshold values of velocity. Threshold values were defined from the average velocity of ground oscillations at a peak flow of 0.14 m 3 s" The average velocity was seen to approximate the shape of the flood hydrograph at all events monitored. On the other hand, the diagram illustrating the number of impulses per minute displayed a first peak of microseismic activity earlier than the peak flow and second or third peaks occurring during the recession limb of the hydrograph for events with sediment transport.
The average velocities of ground oscillations of the seven peak flows analysed are listed in Table 2 , in increasing order of peak flow. In Table 2 it can be noted that: (a) the minimum microseismic activity necessary to obtain reliable results for hydrograph description corresponds to the average velocity of 5.5 x 10" 3 mm s" 1 with a peak flow of 0.14 m 3 s" 1 ; (b) the average velocities are higher for higher peak flow rates, except in two cases; and (c) if sediment transport occurs, the average velocities during the rising limb of the hydrographs are almost constant, regardless of the corresponding discharges. Table 3 gives the number of impulses per minute exceeding the velocity thresholds for the seven microseismic records related to the same hydrographs considered above. From those data, the following observations emerge, if sediment transport occurred: Some relationships between the peaks of microseismic activity and flood flows with sediment transport can be gathered from Table 4 , which shows the time elapsed between the impulse peaks and peak flow, the water discharge at impulse peaks, the duration of the flood and the corresponding volumes of sediment delivery. From Table 4 it can be seen that: (a) the values of water discharge at first and second impulse peaks are quite constant; (b) the first impulse peak occurs from 0.5 to 2.5 h before the peak flow, except for the highest peak flow (0.86 m 3 s" 1 ) which gives a very steep hydrograph; and (c) the time interval between the first and second peaks is directly related to the flood duration. 
Fig. S Selected flood events with bed load transport: the number of impulses showed three peaks on plot A and two peaks on plots
BandC.
RESULTS AND DISCUSSION
The counts of microseismic impulses indicate that significant anomalies with the flood hydrographs occur during floods that involve sediment transport. Such anomalies strengthen the assumption that the seismometers have given a continuous record of sediment transport, showing pulse processes during the flood flow. •Time intervals between 1st impulse peak and peak flow (A), between 1st and 2nd impulse peaks (B), and between 2nd and 3rd impulse peaks (C); water discharges (Ql, Q2, Q3) at first, second and third impulse peaks; sediment yield of peak flows 0.53, 0.53 and 0.76 m 3 s" 1 allowed only a cumulative field measurement of sediment volume delivered because these floods followed one another at short intervals with relatively high steady runoff.
From analyses of the number of impulses per minute exceeding the threshold values of the ground oscillation velocity one can deduce that two or three microseismic peaks were associated with bed load pulses, the first coming before the peak flow and the others occurring during the recession limb of the hydrograph.
Indications of the presence of impulse peaks not coinciding with the flood peak have also emerged from investigations on coarse bed load transport carried out with hydrophones (see Banziger & Bureh, 1990) in an Alpine stream. Direct field sampling of bed load in the Appennine region (Tazioli, 1989) showed that bed load transport occurs with pulses of diversified transport rates and grain size fractions. The coarser fraction appears at the maximum transport rate on the falling limb of the flood hydrograph, several hours after the peak flow. Other field data based on the continuous measurement of bed load discharge (Billi & Tacconi, 1987; Ergenzinger, 1988; Reid et al, 1985) have shown that sediment transport during one flood flow occurred in the form of pulses or waves at practically even intervals; the time intervals changed from about 30 min to 7 h, depending on basin characteristics and location.
In the Gallina valley, the bed load pulses indicated by microseismic peaks occurred at intervals of 1 to 4 h between the first and second pulses, and 2 to 3 h between the second and third pulses, regardless of the peak flow. The peak intervals during a flood flow may serve as an indication of the duration of the bed load transport pulsing process. Regardless of peak flows and time intervals, the first and second microseismic peaks were detected at discharges of about 0.3 m 3 s" 1 , i.e. at values corresponding to the flow rate that had already been recognized as the threshold of initial motion of coarser sediment (Dg4) in the channel reach being considered (see Anselmo & Maraga, 1985) .
In general, the first pulse occurred at a number of microseismic impulses higher than the second peak: this supports the idea that the transport rate is higher during the rising limb of die hydrograph, overcoming the discharge threshold mentioned above for the movement of coarser sediment in the channel reach. The third pulse, at a flow rate of 0.12 m 3 s" 1 can be interpreted as a tail pulse of finer sediment delivery, or as a decrease in sediment transport rate. The latter conclusion is supported by the continuous measurements of bed load discharge by Reid et al. (1985) , which showed that bed shear stresses for final motion are three times lower than those for initial motion.
CONCLUSION
The field experiments in the Gallina instrumented channel reach have demonstrated the efficiency of seismic detectors for continuous bed load measurements, and shown their usefulness in interpreting the bed load transport mechanism.
It was found that tiie arrangement of the sensors relative to the channel geometry was of decisive importance for the detection of microseismic signals induced by a low discharge of flood flows and low volumes of bed load transport. The seismometer placed in me channel bed recorded peak floods ranging from 0.14 to 0.86 m 3 s" 1 , corresponding to hydrometric levels of 0.4 to 0.8 m, even wimout sediment delivery. The seismic recording system provided die establishment of the threshold value of discharge able to initiate bed load transport in the experimental channel reach (about 0.3 m 3 s" 1 ) and also allowed identification of die lowest value of discharge able to maintain sediment transport (about 0.1 m 3 s" 1 ). The seismic metiiod can dierefore be used to evaluate the duration of bed load transport.
Microseismic continuous monitoring established that bed load transport occurs in successive pulses in die course of a single flood flow, and that bed load transport precedes die peak flow.
In order to determine quantitative relationships between microseismic activity induced by sediment transport and bed load transport rate or sediment grain size, further field experiments are planned. E. Viola (IRPI) provided field assistance and surveys; D. Curais, L. Gerosa, F. Pedrini and G. Turriceni (ISMES) collaborated in microseismic data processing; R. Massobrio (IRPI) made sieve analyses. Camera ready prints by P. G. Trebo; drawings by E. Viola; edited and formatted disk by C. Tantaro (IRPI). Dr. R. G. Milne revised the text.
